Abstract-Brain's functional response can be studied by observing the spatiotemporal dynamics of functional and structural changes in cerebral vasculature. However, very few studies explore detailed changes at the level of individual microvessels while revealing the simultaneous wide field view of microcirculation responses to functional stimulation. Here we use a high spatiotemporal resolution laser speckle contrast imaging method, in combination with probabilistic independent component analysis to reveal the changes of cerebral blood flow pattern in response to electrical forepaw stimulation in an anesthetized rat model. The proposed method is able to pick up the response of a single vessel down to ~20µm diameter in a 4mm x 4mm field of view, and automatically extract response from multiple vascular components. Two main vascular components, arteriolar and capillary responses respectively, show significantly different temporal dynamics. Overall, the experimental results from five rats reveal that the specific arteriole branch proximal to the activation sites dilate prior consistently to the increase of blood flow in the capillaries with a latency time 0.91±0.05s. The presented results provide novel microscopic scale evidence of the contribution of different vascular compartments in the hemodynamic response to neuronal activation.
I. INTRODUCTION
ASED on the remarkable coupling between cerebral hemodynamic responses and local neural activity, hemodynamic signals including changes in local blood oxygenation, flow, and volume have been extensively used as proxies of neural activity in the majority of functional neuroimaging techniques, such as functional Magnetic Resonance Imaging , and Intrinsic Signal Optical Imaging [1, 2] . However, a detailed understanding of the mechanism underlying neurovascular coupling and of the fundamental limits on spatial, temporal and amplitude resolution of current functional neuroimaging methods are still unclear [3] [4] [5] . Specifically, little is known about the functional spatiotemporal contributions of different cerebrovascular components to the overall hemodynamic weighted signals, especially at the individual vessel level.
Over the years, techniques such as intravital, confocal fluorescence and two-photon microscopy have been employed [6] [7] [8] on the assessment of the microvascular response to functional stimulation. However these investigations have been restricted to line scanning derived measurements which limit the temporal resolution for an in vivo study. Moreover, of particular importance to the studies of functional reactivity of the microvasculature in vivo, stimulation-induced changes have exhibited strong heterogeneity along the vessel length in situ. This heterogeneity confounds at the results from line scan or single point imaging of vessels without a wide field view of the vasculature at larger scale.
In this work, we sought to investigate the microvascular response to functional brain stimulation, and obtain further details via exploring vascular morphological changes and blood flow changes, both at individual micro-vessel level and in a wider field of view. We present integrating probabilistically independent component analysis (PICA) [9] to functional laser speckle contrast images data. The laser speckle contrast imaging (LSCI) method is a high spatiotemporal resolution, minimally invasive, agent-free optical imaging modality that produces contrast images of blood vessel structure and estimates of blood flow [10] . We use LSCI to extract different responses from multi-vascular components and to explore their contributions to neurovascular coupling.
II. METHODS

A. Temporal Laser Speckle Contrast
Speckle is a random field intensity pattern produced by the mutual interference of partially coherent beams that are subject to minute temporal or spatial fluctuations of moving particles. By analyzing their temporal and spatial statistics, the kinetic information of the particles can be extracted [11] . The temporal laser speckle contrast K is defined as the ratio of the square of the standard deviation σ M to the square of the mean value of the time-varying speckle intensity in a time window of the M observations [10] 
The flow velocity is inversely proportional to the speckle contrast [11] . For laser speckle contrast imaging (LSCI), the raw speckle images were obtained by a CCD camera under 632nm laser illumination. The mean and standard deviation of Eq. (1) were calculated using a time stack of raw speckle images [10, 12] . Fig.1 top row illustrates the computation procedure of LSC image. The intensity of the pixel is inversely proportional to the flow at that point.
B. Probabilistic Independent Component Analysis
The LSC image obtained from the above computation reveals a detailed microvasculature and a wide-field view of blood flow information as shown in Fig. 1b . This image contains blood flow responses from various vascular components. We are interested in exploring how these responses are related and what components contribute to the neural activation. We present to examine probabilistic independent component analysis (PICA) method [9] on functional LSCI data. As Fig.1 bottom row shows, the basic idea is to decompose the observed time sequence images data x into statistically independent spatial and temporal source components s.
An initial pre-processing step is applied to normalize the time courses of the original data to zero mean and unit variance. We assume that the intrinsic speckle noise in the LSC image follows zero-mean Gaussian distribution according to the central limit theorem. Then the PICA model is formulated as a generative linear latent variables model. It is that the p-variate vector of observations is generated from a set of q statistically independent non-Gaussian sources via a linear instantaneous mixing process corrupted by additive Gaussian noise η(t) The task is divided into three stages: First, estimation of a signal + noise sub-space that contains the source process and a noise sub-space orthogonal to the first, including model order selection to determine the number of components to extract (10 in this study,). Next, estimation of independent components in the signal + noise sub-space using a fixedpoint iteration scheme that maximize the non-Gaussian nature of the source estimates [13] . Thirdly, assessing the statistical significance of estimated sources. This is the important step that PICA overcomes standard ICA on the over-fitting problem which inflates the number of estimates active pixels. Fig. 2 illustrates this step on functional LSCI data. Fig. 2a is the Z-scores map transformed from the raw IC spatial map using the estimated standard deviation of the noise [14] . The Z score maps depend on the amount of variability explained by the entire decomposition at each pixel location Fig. 2b is the Z probability map converted from Fig. 2a . The intensity of pixels in Fig. 2b ranges between 0 and 1. Fig. 2c shows the spatial map histogram with the fit of Gaussian/Gamma Mixture Model (GGM) fit. Fig. 2d is obtained as the final thresholded IC map obtained by using the GGM fit for the distribution of intensity values [9] . For this study, a threshold level of 0.5 is chosen for alternative hypothesis testing, which means that a pixel survives thresholding as soon as the probability of being in the active class exceeds the probability of being in the background noise class. Only the survived pixel keeps its intensity values from raw IC map.
III. IMAGING AND STIMULATION EXPERIMENTS
A. Animal Preparation
All experiments were performed using a protocol approved by the Johns Hopkins Animal Care and Use Committee. Experiments were conducted on 5 male adult wistar rats (200-300g). During surgery and imaging procedures, the animals were anesthetized with isoflurane (5% for initial induction and 1.5-2% for maintenance) in O 2 enriched medical air. The rat was fixed in the stereotaxic frame (David Kopf Instruments, Tujunga, California, USA). A 4 mm × 4 mm thinned skull craniotomy was performed above the right somatosensory cortex area. All procedures were performed using standard sterile precautions. Animal body temperature was maintained throughout using a Mega Warmers pad (Grabber Inc. MI.). Respiration rate, PO2 and heart rate were continuously monitored by an oximeter (MouseOx, STARR Life Sciences Corp., PA.).
B. Imaging setup and protocol
A Basler piA640-210gm GigEvision camera (Basler Vision Technologies, Germany) was positioned above the prepared animal. A 60 mm f/2.8 macro lens (Nikon Inc., Melville, New York, USA) was mounted using a C mount to a Nikon F mount adapter. A 0.5 mW, 632.8 nm red HeNe gas laser (JDSU, Milpitas, CA.) was mounted around the stage for optical imaging. The aperture was set to approximate the speckle size to the pixel size (8.0µm×8.0µm) which is the optimal condition for photographing speckles. The exposure time was set to 5 ms to get an optimal frame exposure. Images were taken continuously at a rate of 25 fps. The complete image matrix size was 640×480.
C. Stimulation and Image Acquisition
Two short stimulation electrodes were inserted in the left forepaw. Constant current stimulation was carried out with 3 mA, 300 µs pulses that were repeated at 3 Hz.
For imaging the response to the electrical stimulation of the forepaw, raw laser speckle images were recorded continuously over 1 minute. Each imaging trial began with 20 s of baseline recording, followed by 20s of stimulation and 20 s of recovery time. There was 1-2 min interval between trials to allow the animal to return the baseline status. A complete session consisted of 10 trials. Raw speckle images were registered using normalized crosscorrelation. Each 40 frames of raw speckle images were calculated into one LSC image. A 40×1 sliding window was applied to the image sequences.
IV. RESULTS
A. Wide Field View of Cerebral Blood Flow Response
Sequential functional LSC images were obtained before, during, and after the stimulation. Fig. 3 shows the results from one animal, averaged from ten trials. Significant responses are detected around the left forepaw area in the right somatosensory cortex.
The blood flow response is shown in a large field of view as a temporal sequence, from which we can observe the response propagation pattern. The images also provide very detailed spatiotemporal information about the relationship between responses in different vascular compartments. We have developed analyzing method to simultaneously detect flow and vasodilation at selected points from functional LSCI data [10] . However due to the heterogeneity of the micro-vasculature, only the response from a single site can not represent the contribution of certain vascular compartment.
B. Vascular Components Extraction via PICA analysis
We applied the PICA algorithm to the same set of LSCI data from the same animals to extract and separate responses from different vascular compartments. Fig. 4 shows the decomposition results from the same animal experiment data shown in Fig. 3 . The spatial map of component No. 1 is shown in Fig. 4a , superimposed on the baseline LSC image. It can be seen that the 'activated' pixels in this component are mainly from the small vessels at the capillary level and perfusion in tissue. The response shown in is significant and is within the active region as shown in Fig. 3 . Meanwhile  Fig. 4b illustrates component No. 2, extracted from the same animal. The active pixels here are mainly from the boundaries of arterioles branching from one specific artery as indicated by the green arrow. These pixels are also shown having increasing blood flow but not distinguishable from other activated pixels in 
V. CONCLUSIONS AND FUTURE WORKS
In this study, we have exploited a method of integrating probabilistic independent component analysis with functional laser speckle contrast data in response to left forepaw stimulation in an anesthetized rodent model. Our results show that we are able to detect detailed blood flow changes at the level of individual micro-vessels, while revealing the wide field of view of microcirculation and to automatically extract and separate contributions of multiple vascular components in the response to the functional stimulation. Using our method, we have obtained blood flow responses from two important vascular components: capillary area and specific arteriole branch. The large increase of blood flow in arteriole boundaries indicates significant vasodilation.
We have explored the response characteristics of the two components. The time course results show that the arteriolar component consistently responds prior to the capillary component. The spatial location of the two components also provides important information, since the arteriolar responses are specifically from one upstream vessel. The location of that vessel varies across animals although it is proximal to the activation site. No blood flow response was found in venules.
The overall results support the view that neuronal activity directly causes dilation of an upstream arteriole, which in turn increases the capillary level blood flow at the activated sites. More future work will be conducted to better understand the mechanism that spatiotemporally bridges the neuronal activity across the two vascular components. 
